A completely new approach for the fabrication of 3-axis thermal accelerometers is presented in this paper. Micromolded polystyrene micro-parts are assembled with polyimide membranes enabling the construction of thermal accelerometers. The use of polymers (polystyrene and polyimide) with low thermal conductivities improves the overall power consumption of the thermal accelerometer and enables a simple and low-cost fabrication process (no clean room infrastructure required). The accelerometer is composed of 4 polystyrene microinjected structural microparts (two identical top parts and two identical central parts) and three polyimide membranes (two identical z-axis membranes and a central membrane). The microinjected parts provide the mechanical support for the active elements that are placed on the membranes (the heater and the temperature sensors). Coupled 3D thermo-electric-fluidic FEM simulations show that current design has a sensitivity of 1.6ºC/g in the X-Y directions and 0.2ºC/g in the Z direction for a central heater temperature of 300ºC.
Introduction
Convective micro thermal-accelerometers [1] [2] [3] were introduced in the 90's as an alternative to proof mass based mechanical accelerometers due to their better reliability and high shock survival (absence of movable parts). Despite these claimed advantages, the success of these devices has been hampered by the relatively high power consumption (high thermal losses) and the difficulty to fabricate monolithically integrated 3-axis accelerometers. More than a decade passed until 3-axis thermal accelerometers were demonstrated [4] . Nevertheless, they require a complex fabrication process followed by an extra external stimulus to place the z-axis transduction element, which strongly limits the process repeatability. This work introduces a new approach for the fabrication of thermal accelerometers that builds upon an inexpensive technology, micromolding, enabling the fabrication of low-cost 3-axis thermal accelerometers. Moreover, the use of polymers (polystyrene and polyimide) with low thermal conductivities improves the overall power consumption of the accelerometer. The paper is divided in 4 sections. After a small introduction, the details of the design and fabrication process are presented along with preliminary fabricated parts. Finally, some conclusions are presented.
Accelerometer Design
The proposed 3-axis accelerometer is depicted in Fig. 1 . The accelerometer is composed of 4 external polystyrene microinjected parts (two identical top parts and two identical central parts) and three polyimide membranes (two identical z-axis membranes and a central membrane). The microinjected parts provide the mechanical support for the active elements that are placed on the membranes (the heater and the temperature sensors). In the absence of any external acceleration, the XY-axis temperature sensors, placed on the central membrane and the Z-axis temperature sensors placed on the top/bottom membranes equidistant to the heater will have zero temperature difference. In the presence of external acceleration, free convection occurs and a temperature difference between the pair of temperature sensors exists (depending on the direction of the external acceleration). The measured temperature difference is proportional to the external acceleration. The fabrication process is therefore composed of three distinct phases: the fabrication of the membranes, the microinjection of the external parts and a final assembly process. 
Fabrication Process
The process flow used for the fabrication of the membranes is shown in Fig. 2a . Initially SU8 photoresist is used as mask for the etching of the polyimide (KOH, ethanol and H 2 O are used as the etchant). Next, aluminum is deposited and patterned to fabricate the active elements of the thermal accelerometer: the heater and the temperature resistors. The Z-axis resistors are designed with a larger area in order to guarantee that the resistor area subject to temperature differences during operation remains the same in case of some misalignment during the accelerometer assembling. This assures that large misalignments between central and top membranes (that are likely to occur) will not compromise device performance. Fig. 2b shows the top and central membranes after polyimide etching and Fig. 2c shows top and central membranes after aluminum deposition. The aluminum patterning still requires optimization.
(a) (b) (c) The external parts are fabricated by microinjection. The design and manufacturing of moulds for microinjection are one of the main challenges of the process, and the importance of the tool increases exponentially with the decreasing size of the part (due to reduced tolerances and manufacturing processes characteristics). A mold was designed and fabricated (in steel 1.2311 using micromilling) enabling production cycles in excess of 1 million parts. The full injection cycle for the external parts takes 42s. A closer view to the fabricated external parts is shown in Fig. 3 . Details of the external top parts are shown in Fig. 3a while Fig. 3b shows de details of the external central parts.
The final processing step is the accelerometer assembling as depicted in Fig. 1 . This process can be fully automated if an automatic pick and place machine is used. The mold for the external parts was conceived to enable the simultaneous manipulation of the four parts (see Fig. 3c ) and therefore by careful design of the membranes masks, it is possible to devise a simple automated process (taking a few steps) for the assembling of the accelerometer. During assembly, UV curing adhesive is used to create permanent connections between the polymer parts and to create a contained air bubble for device operation. As for silicon thermal accelerometers, the sensor specifications are related to the heater, temperature sensors and gas medium properties and geometry. 
Conclusions and Future Work
Polymer micromanufacturing technologies have potential for low-cost high performance microsensores. This work presents a new design and fabrication process for a thermal accelerometer that enables the realization of 3-axis accelerometers. Polymeric microparts have already being successfully fabricated, while the active membranes fabrication process still requires further optimization. On-going work is focusing on the geometry control of polyimide etching, and fully assembled polymeric thermal accelerometers are expected soon. The advantages of the proposed approach are the simplicity, the extremely low-cost of the fabrication process used and the possibility to fabricate 3-axis accelerometers.
